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MinireviewDNA Lesion Bypass
Polymerases Open Up
products were determined to be template-directed DNA
polymerases [5, 6]. The structures of Saccharomyces
cerevisiae DNA polymerase (pol)  (RAD30 subfamily) [7]
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National Institutes of Health and Sulfolobus solfataricus DinB homolog (Dbh) (DinB
subfamily) [8] were determined at 2.25 and 2.3 A˚ resolu-Research Triangle Park, North Carolina 27709
tion, respectively. The crystallized proteins are apoen-
zymes corresponding to C-terminally truncated versions
(residues 1–513 of pol  and N-terminal His6-taggedSummary
2–216 of Dbh) that include the five conserved sequence
motifs common to all Y family DNA polymerases. EachStructures of catalytic fragments of two DNA lesion
retains significant polymerase and lesion bypass activ-bypass DNA polymerases, yeast DNA polymerase 
ities.and an archeon DinB homolog, have recently been
Full-length yeast pol  is a 632 residue enzyme thatsolved. These structures share several common archi-
can replicate past UV-induced cis-syn cyclobutane thy-tectural and structural features observed in other DNA
mine-thymine dimers [9]. Mutations in the gene of thepolymerases, including a hand-like architecture with
human homolog that result in truncated or inactive pro-fingers, palm, and thumb subdomains. The new struc-
tein are responsible for the variant form of the inheritedtures provide the first structural insights into DNA le-
disorder xeroderma pigmentosum [10, 11]. This condi-sion bypass. The fingers and thumb are smaller than
tion is associated with an increased incidence of sun-those in other DNA polymerases. Modeled substrates
light-induced skin cancers. The yeast enzyme incorpo-suggest that the fingers in the vicinity of the incoming
rates incorrect nucleotides at a frequency of approximatelynucleotide is closed, a conformation not previously
102 to 103 when utilizing undamaged [12] or damagedobserved for an unliganded polymerase. However, the
templates [13].template binding pocket appears to be more open,
Dbh displays amino acid sequence similarity with theindicating that for DNA polymerase , a covalently
E. coli dinB gene product Pol IV. Pol IV expression islinked thymine-thymine dimer could be accommo-
induced during the SOS response to DNA damage, anddated.
overexpression of Pol IV in E. coli increases spontane-
ous mutation and 1 frameshifts in plasmids [14]. The
Introduction base substitution error rate for Pol IV and the human
Cellular division requires that DNA replication proceed DinB homolog (pol ) is approximately 103 to 4  105
in an ordered and coordinated fashion. However, DNA [15–18]. The deletion error rate for the pol  is nearly
is continually threatened by endogenous and environ- 15-fold greater than for other eukaryotic DNA polymer-
mental agents that result in physical damage (e.g., base ases that are not members of the Y family [16]. Sulfolo-
loss creating an abasic site) or modification (e.g., UV bus Dbh has not yet been kinetically characterized in
crosslinks). If DNA structural abnormalities are not re- detail.
paired and persist during DNA replication, some of them
can stall the replicative DNA polymerases. Within the
past two years, the number of eukaryotic DNA polymer- Domain Organization
ases has more than doubled. This is partly due to a Over 15 years ago, the Steitz laboratory solved the first
recently discovered superfamily of DNA polymerases, crystal structure of a DNA polymerase, the Klenow frag-
UmuC/DinB/Rev1/Rad30 or Y family [1], that are able to ment from E. coli DNA polymerase I [19]. The Klenow
bypass specific types of lesions in DNA that are known fragment is a two-domain enzyme where each domain
to stall replicative polymerases. Thus, the Y family by- harbors an enzymatic activity (Figure 1): an exonuclease
pass DNA polymerases assist the replication complex domain with 3→5 proofreading activity and a polymer-
by performing limited DNA synthesis through the dam- ase domain with nucleotidyl transferase activity. At that
aged site. Phylogenetic analysis has identified several time, the architecture of the polymerase domain was
subfamilies of bypass DNA polymerases [2], and amino likened to a right-hand that could grasp DNA. Thus,
acid sequence alignments of members indicate that they the subdomains were referred to as fingers, palm, and
are characterized by a set of five conserved sequence thumb. Each subdomain is functionally distinguishable.
motifs, I–V [3, 4]. In vitro characterization of these poly- The palm subdomain has three carboxylates that bind
merases indicates that they have low processivity and two catalytically essential metals which assist the
fidelity and lack an intrinsic proofreading exonuclease nucleotidyl transferase reaction [20]. The crystal struc-
activity. tures of other polymerases, except pol , indicate that
The first crystal structures of two lesion bypass poly- the palm subdomains are structurally homologous [21].
merases have recently been solved, providing valuable The thumb and fingers subdomains have primary roles
insights about template recognition and fidelity. This in duplex DNA binding and nucleoside 5-triphosphate
accomplishment comes just two years after the gene (dNTP) selection, respectively. However, the thumb and
fingers subdomains are structurally distinct among the
other polymerase families. DNA polymerase , a eukary-1 Correspondence: wilson5@niehs.nih.gov
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families of polymerases [26]. The sequence and struc-
tural alignments unequivocally identify the active-site
carboxylates that bind two Mg2 ions required for DNA
synthesis. For pol , these are Asp30 (motif I) and
Asp155-Glu156 (motif III), and the corresponding resi-
dues in Dbh are Asp7, Asp105-Glu106, respectively. In
contrast to the Dbh palm, the pol  palm also includes
an -helical structure situated at the base of the palm
(Figure 2b). This has been described as a “wrist” to the
pol  hand [7]. An equivalent structural subdomain is
not observed in the Dbh structure, consistent with amino
acid sequence alignments indicating the lack of the cor-
responding sequence. As noted above, however, the
C-terminal truncation of Dbh may have removed a do-
main that may play an equivalent structural or functional
role.
The fingers subdomain of pol  and Dbh are similar
( sheet flanked by three  helices), but distinct from
those of other polymerases of known structure. The
fingers of these two polymerases are small and stubby
Figure 1. Domain Organization of the Klenow Fragment as compared to structures of polymerases from other
The structure of the Klenow fragment of DNA polymerase I from E. families (Figures 1 and 2). Although the fold is distinct
coli indicates that it is composed of two domains: a proofreading
from other polymerases, the fingers of pol  and Dbhexonuclease (Exo, gray) and a polymerase domain (colored). The
show some similarities. This is because part of con-polymerase domain was likened to a right-hand with fingers (or-
served motif I and all of motif II are found in the fingersange), palm (green), and thumb (yellow) subdomains [19]. Catalyti-
cally essential Mg2 ions bind at the active site in the palm subdo- with corresponding secondary structural elements in
main. The fingers and thumb subdomains have primary roles in both polymerases. The most notable elements are 3-
dNTP selection and DNA binding, respectively. Unless noted, figures D in pol , which corresponds to 3-C of Dbh. Al-
were made with Molscript [40] and rendered with Raster3D [41].
though these polymerases lack the O helix found in the
A family of polymerases, Arg51 in C is observed to
hydrogen bond to a sulfate ion found in the Dbh active
otic DNA repair enzyme belonging to the X family of DNA
site [8]. It was suggested that Arg51 coordinates oxy-
polymerases, has functionally equivalent subdomains
gens on the 	-phosphate of the incoming dNTP (see
[22].
below). This role is played by Arg659 and Arg518 of the
The crystal structures of pol  [7] and Dbh [8] indicate
O helix of Klentaq [27] and T7 DNA polymerase [23],
a similar polymerase subdomain organization (Figure 2).
respectively. The equivalent position in pol  is Arg67.
Like other DNA polymerases, these bypass DNA poly-
The fingers subdomain or its equivalent has been found
merases are comprised of fingers (orange), palm (green),
to participate in dNTP selection with other polymerases.
and thumb (yellow) subdomains. In contrast to other
The thumb subdomains of both pol  and Dbh are
polymerases of known structure, pol  also includes a
small and  helical. The thumb is composed of three
C-terminal domain not observed previously, the poly-
helices in Dbh and 6 in pol  (Figure 2). For other DNA
merase-associated domain (PAD, red in Figure 2b). The
polymerases, this subdomain participates in DNA bind-
PAD packs next to the fingers subdomain and gives the
ing through DNA minor groove and sugar-phosphate
fingers a “polydactyl” appearance. It is connected to
backbone interactions. A helix-hairpin-helix (HhH) motif
the thumb subdomain by a long coil that traverses the
was found in the Dbh thumb (I and J) [8]. This nonspe-
palm. The construct used to express Dbh ended after
cific DNA binding motif is found in the analogous subdo-
conserved motif V and the last 11 residues were disor-
main of pol  [28] and is believed to play a role in posi-
dered.
tioning the primer terminus. Amino acid sequence
comparisons suggested that a HhH structural motif may
Subdomain Structure occur in conserved sequence motif V. However, John-
The palms of both pol  and Dbh include the core of son et al. [3] also noted that the HhH sequence for the
the conventional polymerase palm, a four-stranded anti- Rad30 and DinB subfamilies differs. This would corre-
parallel  sheet, and two  helices (Figure 3). This corre- spond to M and N of pol . It should also be noted
sponds to  strands 1, 7, 8, and 10 and  helices J and that the construct used for the Dbh ended after motif
F of pol  and strands 1, 5, 6, and 7 and helices E and V. Three additional  helices in the thumb subdomain
F of Dbh. This core structure superimposes very well and the PAD were observed in the longer polconstruct.
with the core structure of the palm from polymerases
from the A (e.g., T7 DNA polymerase [23] and Klentaq
[24]) and B family (e.g., RB69 [25]) of DNA polymerases. Putative Substrate Interactions—Lesion Bypass
The homologous nature of the core of the palm subdo-The superimposed core structure of pol  and T7 DNA
polymerase is illustrated in Figure 3. Conserved motifs mains of the bypass DNA polymerases with the fold of
the palm of other DNA polymerases, suggest that theseI and III of the Y family DNA polymerases corresponds
to the A and C motifs identified previously for other polymerases position reactive atoms at the polymerase
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Figure 2. Structure of Dbh and DNA Poly-
merase 
A stereo view of the polymerase domains of
(a) Dbh and (b) pol indicates that they have a
similar architecture as Klenow fragment with
fingers (orange), palm (green), and thumb
(yellow). In contrast however, the fingers and
thumb are much smaller than their counter-
parts in Klenow fragment. Pol  has two addi-
tional domains not observed previously: a
wrist (purple) at the entrance to the palm and
a polymerase-associated domain (PAD, red)
packed against the fingers [7]. Also indicated
are C (Dbh) and D (pol ) that are part of
conserved motif II (see text) and the sulfate
ion (SO4) observed in the Dbh active site
active site with similar geometry. Thus, by using homol- of the fingers of RB69 DNA polymerase has been shown
to move nearly 30 A˚ [29]. In contrast to other DNA poly-ogy-based modeling and the crystal structure of the
ternary complex of T7 DNA polymerase [23], putative merases, the orientation of the protein backbone dis-
placement observed with pol , from the perspective ofsubstrate interactions could be assigned. As noted
above, the sulfate atom in the Dbh structure is posi- the templating base, is opposite to that observed with
other polymerases. The “open” conformation of a ter-tioned very near the suggested position of the 	-phos-
phate of the incoming ddGTP observed in the T7 struc- nary complex of pol indicates that the template binding
site is extended [30, 31]. In this extended conformation,ture. Thus, Arg51 of Dbh (Arg67 of pol ) is expected to
coordinate the 	-phosphate of the incoming dNTP. Also the template binding site can accommodate two tem-
plating nucleotides, the templating nucleotide (n) as wellnoteworthy was the observation that hydrophobic resi-
dues of 3 (GAVATA46) in conserved motif II of the fingers as the 5 templating base (n1) (see below).
Interestingly, the fingers of pol  and Dbh appear toare predicted to form van der Waals interactions with
the nascent base pair. The equivalent residues in the be positioned to interact with the modeled incoming
dNTP. This suggests that the polymerase is in a “closed”shorter 3 of pol  are IIAV62.
Comparison of previously determined DNA polymer- conformation, at least with respect to the incoming nu-
cleotide. This closed conformation has not been ob-ase structures, apoenzymes or binary DNA complexes,
with those that have formed a ternary DNA/dNTP/poly- served previously for an apoenzyme form of a polymer-
ase. In contrast to the closed dNTP binding pocket, themerase complex reveal that upon binding substrates,
there are significant subdomain motions that result in a binding pocket around the templating base appears to
be open or extended. When the trajectory of the 5-“closed” complex (Figure 4). The magnitude and the
orientation of these motions relative to the nascent base template strand has been discerned in structures of
other DNA polymerases in complex with substrates, thepair are specific for each polymerase. In Figure 4, the
magnitude of the movement of the protein backbone template strand is radically bent as it exits the polymer-
ase active site. This bend in the template strand servesupon forming a ternary substrate complex is mapped
onto the ribbon illustration of the ternary complex struc- at least two functions. First, it provides the polymerase
access to one face of the nascent base pair and theture of several diverse DNA polymerases. The more in-
tense the green, the larger the backbone displacement. DNA minor groove. This access gives the polymerase
the opportunity to check whether geometrical constraintsThe largest displacement mapped is 9 A˚ so as to resolve
the movements around the nascent base pair. The tip imposed by correct Watson-Crick hydrogen bonding oc-
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the discriminating rate-limiting conformational change
or chemistry.
The paucity of DNA interactions predicted from the
modeled DNA indicate that the thumb and/or accessory
domains, such as the pol  PAD or wrist, may contribute
significant interactions. As suggested by Trincao et al.
[7], the PAD is reminiscent of the accessory factor thiore-
doxin of T7 DNA polymerase that increases the DNA
binding affinity of this polymerase. Like the PAD, thiore-
doxin is tethered to the thumb subdomain by a long
flexible loop, and it was postulated that it could encircle
the DNA by forming a clamp [23]. This would place it in
a position that may be analogous to where the PAD is
observed. The C-terminal deletion of Dbh appears to
have a lower DNA binding activity than full-length en-
zyme, indicating that the C-terminal domain(s) may also
play a role in DNA binding.
Frameshift Fidelity
DNA polymerases can create deletion errors by three
mechanisms [36]. Template-primer slippage events can
occur during replication of iterated sequences. These
events have been correlated with association-dissocia-
tion polymerase events (i.e., processivity). Additionally,
deletion errors can occur in noniterated sequences. This
can be initiated by a misinsertion event. If the misin-
Figure 3. Superimposed Palm Subdomains of Pol  and T7 DNA serted nucleotide is complementary to the next templat-
Polymerase ing base, primer realignment will result in a 1 frame-
The core of the palm subdomain of pol  (1, 7, 8, 10 and F, shift. Finally, the incoming nucleotide could base pair
J are labeled) was superimposed with the homologous structure with the n1 templating base. This has been termed
of T7 DNA polymerase (9, 12, 13, 14 and R, Q). The active- “dNTP-stabilized misalignment.” DNA polymerase  by-
site carboxylates that bind two catalytically essential metals are in
passes template lesions, such as abasic sites, throughcorresponding positions. The position and identity of the pol  ac-
this mechanism [37, 38]. The ability of a polymerasetive-site carboxylates are indicated. This figure was prepared using
the program MolMol [42]. to accommodate two templating nucleotides near the
active site has consequences. As noted above, pol 
can accommodate two templating bases near the active
site, resulting in a poor 1 frameshift fidelity. Site-cur. Second, it displaces the next templating base away
directed mutagenesis of pol , predicted to alter thefrom the polymerase active site, discouraging incorrect
equilibrium of the analogous subdomain to a more opentemplate base reading (deletion mutagenesis) [31]. Trin-
conformation, also decreases its frameshift fidelity [31].cao et al. [7] were able to model a thymine-thymine
Due to the low base substitution fidelity of these mu-dimer into the templating site of pol , suggesting that
tants, the low frameshift fidelity could occur either byformation of an active complex would accommodate
misinsertion and primer relocation or through a dNTP-two templating nucleotides. Structures of polymerase/
stabilized intermediate where the downstream templat-template-primer binary “open” complexes indicate that
ing base (n1) codes insertion. Zhou et al. [8] demon-A family DNA polymerases (e.g., Klentaq [24]) displace
strate in a series of convincing biochemical experimentsthe templating base (n) outside of the DNA helix axis
that both full-length and catalytic domain Dbh have very[22]. Using a nucleotide analog that prefers insertion
low processivity on a noniterated template-primer sub-into an abasic site, it has recently been demonstrated
strate. More interestingly, the full-length enzyme is ca-that T7 DNA polymerase, an A family polymerase, reads
pable of bypassing an abasic site in the template stranda variety of UV photoproducts, including the cis-syn
and produces product that is one nucleotide shorterthymine-thymine dimer, as an abasic site [32]. This indi-
than the template strand. If these truncated productscates that in contrast to pol , T7 DNA polymerase can
represent 1 frameshifts, then Dbh uses the n1 tem-not flip covalently linked adjacent thymines into its tem-
plate base (i.e., dNTP-stabilized misalignment) when by-plate binding pocket.
passing an abasic site in noniterated sequences. Like-The observation that the fingers may be in a “closed”
wise, the ability of pol to accommodate two templatingconformation relative to the incoming nucleotide also
residues is consistent with its low frameshift fidelity [16].suggests that the rate-limiting conformational change,
postulated to provide an important step during nucleo-
tide discrimination, is bypassed [8] or occurs after sub- Processivity
domain closure. The later idea is supported by recent The Y family polymerases have generally been de-
structural [33] and kinetic analysis of pol  [34, 35], in- scribed as exhibiting low processivity. This indicates
that these polymerases insert a limited number of nucle-dicating that subdomain movements are rapid relative to
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Figure 4. Substrate Induced Protein Confor-
mational Changes Mapped on the Structure
of DNA Polymerase Substrate Complexes
The structure of the ternary complexes of (a)
pol  [43], (b) Klentaq DNA polymerase [24],
(c) RB69 DNA polymerase [25], and HIV-1 re-
verse transcriptase [44] are illustrated. The
palm of each polymerase was superimposed
with a structure of itself in complex with DNA,
except RB69 DNA polymerase, which was su-
perimposed with the palm of the apoenzyme
form since the structure of the binary DNA
complex has not been solved. The difference
in C positions between the ternary complex
and the equivalent residue in the binary com-
plex, or apoenzyme, was then calculated. The
magnitude of the movement of the protein
backbone upon forming a ternary substrate
complex is mapped onto the ribbon illustra-
tion of the ternary complex structure. The
more intense the green, the larger the back-
bone displacement. The largest displace-
ment mapped is 9 A˚; so as to illustrate the
movements around the nascent base pair.
Most of the DNA in these images has been
omitted for clarity and only the polymerase
domains are illustrated. The incoming dNTP
is red and its templating nucleotide is purple.
Upon binding the correct dNTP, DNA poly-
merases generally close around the nascent
base pair. For pol , the magnitude of this
subdomain movement is greater near the
templating base than for other DNA poly-
merases.
otides before dissociating from the extended product. that efficient and faithful replication relies on polymerase
stabilization of the templating nucleotide [39]. StructuresProcessivity is a competition between nucleotide inser-
tion and DNA dissociation. The low processivity of Y of these polymerases with both substrates, lesion-con-
taining DNA, and full-length forms of these proteins, asfamily polymerases is probably dominated by their un-
usually low rates of nucleotide insertion and not due to well as other members of this family of bypass polymer-
ases, will help uncover mechanistic and functional con-their poor DNA binding affinities. Thus, it is surprising
that there are so few contacts between the polymerase formational transitions and/or polymerase-substrate in-
teractions that might afford specificity of translesionaland the DNA suggested by the modeling [7, 8]. However,
as noted above, conformational changes, and/or acces- DNA synthesis.
sory domains or proteins, could increase their overall
DNA binding affinity. In biological terms, it seems imper- Acknowledgments
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